Introduction The dihydroorotate dehydrogenase (DHODH) inhibitors leflunomide and teriflunomide are immunomodulatory agents approved to treat rheumatoid arthritis (RA) and multiple sclerosis, respectively, and are actively being investigated as therapeutic agents for other immune-related diseases; however, both structurally related compounds have a number of potentially serious adverse effects. Vidofludimus, a new selective second-generation DHODH inhibitor, is chemically distinct from leflunomide/teriflunomide and appears to exhibit a distinct safety profile. Objective The aim of the COMPONENT study was to assess the efficacy, safety, and pharmacokinetics of vidofludimus in the treatment of patients with active RA on a background therapy of methotrexate. This report focuses solely on the safety results of the COMPONENT trial. Methods Patients received once-daily oral vidofludimus (N = 122) or placebo (N = 119) along with their standard of care methotrexate treatment for 13 weeks. Efficacy endpoints were assessed. Safety parameters were monitored throughout treatment and at follow-up. Plasma concentrations of vidofludimus were measured. Results The primary efficacy endpoint, American College of Rheumatology 20 (ACR 20 ) responder rate at 13 weeks, demonstrated numerical superiority in the treatment group compared with placebo; however, it did not reach statistical significance. Nonetheless, the COMPONENT study yielded important safety and pharmacokinetic data that could provide important information regarding the use of vidofludimus in other clinical trials, not only for RA but also for other autoimmune diseases. A safety profile for vidofludimus similar to placebo was obtained in this RA patient population. This includes similar rates of the adverse events of diarrhea, alopecia, neutropenia, and elevated liver enzymes, all of which are known drug-related adverse events reported for leflunomide and teriflunomide. A potential pharmacokinetic interaction between vidofludimus and methotrexate was observed. Conclusions Vidofludimus demonstrated a positive safety profile, making it a promising candidate for the treatment of a variety of immune-related diseases. Trial Registrations ClinicalTrials.gov identifier: NCT01010581.
Introduction
Rheumatoid arthritis (RA) is a painful and highly debilitating chronic inflammatory disease characterized by progressive destruction of the joints, deformity, disability, and premature death. Current treatment includes palliative anti-inflammatory agents (e.g. nonsteroidal anti-inflammatory drugs and corticosteroids), biologic response modifiers that selectively inhibit cytokines that contribute to disease pathogenesis, and disease-modifying antirheumatic drugs (DMARDs) such as methotrexate and leflunomide [1] . DMARDs, particularly methotrexate, are the frontline treatment in early RA [2] . However, DMARD monotherapy is often insufficient to halt disease progression and combination therapy using drugs with different mechanisms of action may be used [1] .
One approach to the treatment of RA and other immunerelated diseases is to inhibit human dihydroorotate dehydrogenase (DHODH), the enzyme that catalyzes the ratelimiting step in pyrimidine synthesis. It is well established
Key Points
The second-generation dihydroorotate dehydrogenase (DHODH) inhibitor vidofludimus exhibits a favorable safety profile.
In the COMPONENT trial for rheumatoid arthritis (RA), vidofludimus did not exhibit higher rates of many of the adverse effects known to occur with the US FDAapproved DHODH inhibitors leflunomide and teriflunomide.
The high selectivity for DHODH and lack of off-target effects of vidofludimus positions it as a promising selective immunomodulatory agent for use in a number of different immune-related diseases. and normal-acting lymphocytes do not depend on de novo synthesis, instead satisfying their pyrimidine requirements through the DHODH-independent salvage pathway. In activated lymphocytes, the metabolic stress in response to DHODH inhibition leads to a reduction of proinflammatory cytokine release, including interleukin (IL)-17 (IL-17A and IL-17F) and interferon (IFN)-γ, and to increased apoptosis ( Fig. 1) [11] [12] [13] .
There are currently two DHODH inhibitors approved by the US FDA-leflunomide (Arava ® , approved for use in RA and psoriatic arthritis) and teriflunomide [Aubagio ® , approved for use in multiple sclerosis (MS)]. Leflunomide is a prodrug that is rapidly converted in the body to its active metabolite, teriflunomide [14] ; thus, both drugs share the same mechanism of action. The two compounds are believed to act by both inhibiting T-cell proliferation and decreasing activation of B cells, resulting in reduction of the autoantibodies that are thought to be at the root of their respective disease indications [15] [16] [17] .
While leflunomide is widely used in treating RA, either as a monotherapy or in combination with methotrexate [18] , the class of DHODH inhibitors to which both leflunomide and teriflunomide belong have been the subject of numerous safety concerns since their approval by the FDA. Postmarket surveillance includes reports of a variety of drug-related adverse reactions, including elevated liver enzymes and hepatotoxicity, peripheral neuropathy, vasculitis, hypertension, alopecia, pruritus, nausea, and diarrhea [16, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In one prospective study evaluating leflunomide treatment in 136 RA patients, 65% of patients experienced at least that inhibitors of DHODH show immunomodulatory activity, which is most pronounced on T cells [3] [4] [5] [6] [7] [8] , with T helper (Th) 1 and Th17 cells acting as important contributors to the inflammatory processes of RA [9] . DHODH inhibitors exhibit an immunomodulatory effect that is selective towards metabolically highly activated and rapidly proliferating lymphocytes [10] , which require de novo synthesis to meet their needs for pyrimidines, an essential component of nucleic acids. DHODH inhibition in these cells leads to inhibition of transcriptional elongation, cell cycle arrest, and apoptosis. In contrast, resting one adverse event (AE) related to leflunomide, and nearly 37% discontinued the drug for such reasons [29] . Similarly, a 3-year retrospective study found that in RA patients initiating DMARD treatment, those receiving leflunomide demonstrated a higher discontinuation rate, largely due to AEs, including occurrence of neutropenia [30] . Furthermore, when taken in combination with methotrexate, the cumulative dose of leflunomide has been shown to correlate with liver fibrosis [31] . In 2010, the FDA placed a boxed warning on the label of Arava after concluding that leflunomide was associated with the development of severe liver injury in patients using the drug [32] . This was based on the FDA's review of AE reporting, which identified 49 cases of severe liver injury, including 14 cases of fatal liver failure, between August 2002 and May 2009. As treatment with Aubagio leads to plasma concentrations of teriflunomide similar to what is seen with Arava, the FDA also placed a boxed warning on the approved labeling text for Aubagio based on the expectation of similar risks [33] .
Vidofludimus is a novel chemical class of orally available DHODH inhibitors with no structural similarity to other known drugs, including leflunomide and teriflunomide. Vidofludimus, in both its free acid form and its calcium salt formulation (vidofludimus calcium), has undergone clinical trials for a variety of immune-related indications. Both formulations depend on the same active substance (vidofludimus) in vivo, and thus the two formulations share the same mechanism of action, pharmacology, and toxicology. The safety of both vidofludimus and vidofludimus calcium has been investigated in healthy volunteers and patients with different immune-mediated diseases. Based on the known selective immunomodulatory effect of DHODH inhibitors, vidofludimus has been considered therapeutically promising for a number of indications. Vidofludimus has undergone trials in patients with inflammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC) [34] , and RA [35] (ClinicalTrials.gov identifiers: NCT00820365 and NCT01010581), and vidofludimus calcium is currently undergoing trials, or has trials planned, for UC, primary sclerosing cholangitis (PSC), and MS [36] (Clinical-Trials.gov identifiers: NCT03341962, NCT03722576, and NCT03846219). Although ongoing studies remain blinded, it is estimated that to date more than 500 patients and healthy volunteers have been exposed to vidofludimus or vidofludimus calcium [36] .
In this publication, we report the safety data of vidofludimus from a phase II trial in patients with RA (the COMPO-NENT trial; ClinicalTrials.gov Identifier: NCT01010581). This was a randomized, double-blind, placebo-controlled study to evaluate the efficacy, safety, and pharmacokinetics (PK) of vidofludimus 35 mg compared with placebo on methotrexate background therapy in subjects with RA. The primary endpoint of the trial was the rate of responders showing a 20% improvement in American College of Rheumatology criteria (ACR 20 ) [37] after 13 weeks of treatment. While the ACR 20 responder rate was higher in the vidofludimus group than in the placebo group, it did not reach statistical significance. Despite the failed primary efficacy endpoint in the indication of RA, the study has yielded important insights into the safety of vidofludimus. The pharmaceutical industry has been criticized for not reporting data from failed trials, the results from which can inform clinical practice and give insights into the safety and pharmacology of other agents in that class [38] . Furthermore, the World Health Organization has taken the position that negative and inconclusive results from clinical trials should be published [39] .
The authors feel strongly that the safety results from the COMPONENT trial are relevant for current studies of vidofludimus calcium (IMU-838) in PSC, UC, and MS, as well as for any future studies of this novel class of DHODH inhibitors. Indeed, DHODH inhibitors have been proposed as potential therapeutic agents for a variety of autoimmune diseases [40] [41] [42] [43] and as antitumor agents [44, 45] , and are currently undergoing clinical trials for a number of such indications.
In this study, we report a comprehensive summary of the safety data of the COMPONENT trial. Establishment of a positive safety profile is likely to facilitate the study of the DHODH inhibitor vidofludimus as a promising selective immunomodulatory agent for the treatment of a variety of immune-mediated diseases.
Methods

Overall Study Design
The COMPONENT study was a phase II clinical trial to assess the safety and efficacy of vidofludimus in combination with methotrexate in patients with RA who were not responding sufficiently to methotrexate monotherapy. The study was a randomized, double blind, placebo-controlled, parallel group, multicenter study performed at 29 sites in Bulgaria, Czech Republic, Poland, and Romania. The primary objective was to evaluate the efficacy of once-daily oral vidofludimus (35 mg) in combination with methotrexate compared with methotrexate monotherapy after 13 weeks of treatment. Secondary objectives were to evaluate the safety profile of vidofludimus when administered in combination with methotrexate, and to assess the trough plasma concentrations of vidofludimus.
Patients with active RA were enrolled and randomized into two treatment arms (133 patients per arm), receiving either once-daily vidofludimus or placebo in combination with the patient's current established stable once-weekly dose of methotrexate, which varied from 10 to 25 mg. Folic acid (5 mg) was taken once weekly to offset the effects of methotrexate-induced folate deficiency. Patients received the study medication for a period of 13 weeks. During the study period, patients underwent an initial screening visit at the investigative site, eight study visits (at day 1 and weeks 1, 2, 3, 4, 6, 8, and 13), and a followup visit at week 15 to assess safety.
At study visits 3-8, procedures performed included vital signs (blood pressure and pulse), a 12-lead electrocardiogram (ECG), assessment of efficacy parameters, safety laboratory parameters (hematology, clinical chemistry, and urinalysis), blood sampling for plasma vidofludimus concentration, and documentation of AEs. At the week 15 follow-up visit, vital signs, documentation of AEs, and safety laboratory testing were performed. Urine dipstick testing to check for erythrocytes in the urine was performed daily by patients during the study.
Inclusion and Exclusion Criteria
Males and females 18 years of age or older with active RA of functional classes I, II, or III according to the ACR criteria for the classification of global functional status in RA [46] , and who had received weekly doses of methotrexate (10-25 mg/week) for a minimum of 3 months prior to day 1 dosing, were eligible for the study. Methotrexate dosage must have been stable for at least 6 weeks. Patients may have received up to 10 mg/day of oral prednisolone or corticosteroid equivalent.
Reasons for exclusion were active RA of functional class IV; non-pharmacological treatment (physical therapy), cardiac arrhythmia or other significant ECG finding; congestive heart failure; uncontrolled hypertension; low hemoglobin, white blood cell count, or platelet count; uncontrolled asthma; history of acute infection with human immunodeficiency virus (HIV), hepatitis B or C; elevated liver enzymes or serum creatinine; low glomerular filtration rate; renal disease or conditions after kidney transplantation; history or existence of urolithiasis; hematuria; psychiatric illness; active tuberculosis; known or suspected immunodeficiency; history of malignancy (past 5 years); inadequate contraception, pregnancy, or lactation; history of serious drug sensitivity; and history of alcohol or drug dependence, or history of heavy smoking. Patients were also prohibited from participating if they had received vaccination with live attenuated viruses within 4 weeks prior to study start or had participated in another investigational drug or vaccine study within the last 3 months. The following were prohibited within 4 weeks prior to dosing: sulfasalazine, hydroxychloroquine, and corticosteroids > 10 mg/day. Patients who had received leflunomide or cyclophosphamide required a 180-day washout period prior to day 1 dosing. Cyclosporine, abatacept, etanercept, adalimumab, infliximab, and rituximab required a 60-day washout period, while oral or injectable gold, azathioprine, penicillamine, anakinra, or parenteral or intraarticular corticosteroids required a 30-day washout period.
Patient Stratification
The safety set includes all patients who were randomized and received any amount of study drug. The full analysis set is a subset of the safety set and includes all patients who were randomized and received any amount of study drug and who had minimum efficacy data available (defined as at least one post-baseline efficacy observation of any of the primary or secondary efficacy parameters at visit 3 or later).
Efficacy Endpoints
The primary efficacy analysis was based on the ACR 20 responder rate after 13 weeks of treatment. The ACR 20 calculation was based on the following variables: tender joint count (TJC), swollen joint count (SJC), C-reactive protein (CRP), patient's pain on a visual analog scale (VAS), patient's global assessments of disease activity on a VAS, physician's global assessments of disease activity on a VAS, and Health Assessment Questionnaire-Disability Index. The ACR 20 was defined as 20% improvement in TJC, SJC, and three of the last five items. Secondary efficacy variables included ACR 50 ; ACR 70 ; 28-joint count disease activity score (DAS28) with CRP and erythrocyte sedimentation rate (ESR); responder rates for DAS28 (CRP) and DAS28 (ESR); morning stiffness; patient's assessment of pain and patient's assessment of disease activity using a VAS; rheumatoid factor; patient's and physician's global assessments of efficacy; and withdrawals due to lack of efficacy.
Safety Assessment
The criteria to evaluate safety were AEs, changes from baseline in safety laboratory values (hematology, clinical chemistry, and urinalysis), changes from baseline in vital signs (blood pressure and heart rate), 12-lead ECG findings, and patient's and physician's global assessments of tolerability. Treatment-emergent AEs (TEAEs) and serious AEs (SAEs) were coded using MedDRA, version 12.0. 1 A TEAE was defined as an AE occurring or worsening after the first study treatment and up through the follow-up visit. AEs occurring or worsening after the follow-up visit were also defined as treatment emergent if they were considered to be study drug related.
Hematology results included hematocrit, hemoglobin, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, red blood cell (RBC) count, total and differential leukocyte count, platelet count, and coagulation tests (prothrombin time and partial thromboplastin time). Clinical chemistry testing included sodium, potassium, chloride, inorganic phosphorus, calcium, creatine phosphokinase, lactate dehydrogenase, total protein, albumin, albumin/globulin ratio, fasting glucose, cholesterol, triglycerides, creatinine, uric acid, urea, total and conjugated bilirubin, and liver enzymes [alanine aminotransferase (ALT), aspartate aminotransferase (AST), γ-glutamyl transferase (GGT), and alkaline phosphatase (ALP)].
Urinalysis results included pH, urobilinogen, erythrocytes, leukocytes, protein, ketones, bilirubin, nitrite, and glucose. Urinalysis results (except pH values) were categorized as negative, positive but normal, abnormal but not clinically significant, or abnormal and clinically significant. Urine pH values were recorded as numeric value and categorized as either normal, abnormal but not clinically significant, or abnormal and clinically significant. Daily urine dipstick results were characterized as normal, elevated (+), highly elevated (++), or extremely highly elevated (+++).
Vital signs (blood pressure and heart rate) were evaluated as changes from baseline. The summary ECG assessments were categorized as normal, abnormal but not clinically significant, or abnormal and clinically significant. Individual values of heart rate and PQ, QRS, QT, and QTc (Bazett's correction) intervals were determined. Patient's and physician's global assessment of tolerability was rated on a scale of 1-5 (very good, good, moderate, poor, or very poor).
All safety data were evaluated and summarized using descriptive statistics only.
Analysis of Plasma Concentration of Vidofludimus
Blood samples were taken at baseline and at 2 weeks (visit 3), 4 weeks (visit 5), 8 weeks (visit 7), and 13 weeks (visit 8). Blood samples were taken before daily dosing of study medication. Plasma concentrations of vidofludimus were analyzed by liquid chromatography with tandem mass spectrometry and represented the steady-state trough levels of vidofludimus. The median PK concentrations over all time points were calculated for each patient in the vidofludimus arm. A non-parametric Jonckheere-Terpstra test [47] was used to determine whether there was any relationship between vidofludimus trough values and increasing methotrexate concentrations. Patients in both arms were assigned a weekly dose of methotrexate of between 10 and 25 mg, based on their current ongoing standard of care methotrexate dose; 37.8% received 10 mg, 34.0% received between 12.5 and 15 mg, and 28.2% were assigned doses between 17.5 and 25 mg. Within the full analysis set, a statistically significant effect of methotrexate dose on the plasma concentration of vidofludimus was observed ( Fig. 2) , with median trough values per patient being lower with increasing methotrexate concentrations (p = 0.023). However, there was no statistically significant influence of methotrexate dose on the overall rate of TEAEs between the vidofludimus and placebo arms (10 mg: 56.8% vs. 51.1%; 12.5-15 mg: 63.8% vs. 60.0%; 17.5-25 mg: 45.2% vs. 67.6%).
Results
Patient Demographics, Medical History, Methotrexate Doses
Efficacy
Complete efficacy results of the COMPONENT trial have been made public elsewhere [35] and are summarized here. While the primary endpoint of ACR 20 responder rate at 13 weeks was not statistically significant over placebo (50.8% vs. 44.8%; p = 0.365), the metric demonstrated numerical superiority over placebo throughout the study and statistical significance at the 8-week time point (46.7% vs. 31.9%; p = 0.024). Overall, the study demonstrated a trend of beneficial effects in patients with RA treated with vidofludimus versus placebo. ACR 50 (26.7% vs. 17.2%) and ACR 70 (11.7% vs. 6.0%) responder rates at 13 weeks were higher in the treatment arm. The time to ACR 20 response was significantly (p < 0.05) shorter in the vidofludimus group compared with placebo (median 56 vs. 92 days). The DAS28 (CRP) response rate of vidofludimus was significantly higher compared with placebo at week 4 (55.0% vs. 41.3%; p = 0.038), but did not reach statistical significance at week 13 (60.9% vs. 56.9%; p = 0.597). There were also numerically greater mean changes from baseline in inflammatory markers such CRP and ESR. One limitation of this study lies in its relatively small size and short duration. It is possible that the potentially clinically important trends seen will require a larger and/or longer study to reach statistical significance. Another limitation lies in the heterogeneity of the background standard of care methotrexate treatment. In some patients, onset of methotrexate therapy was relatively recent and may have contributed to a higher placebo response than anticipated. Perhaps more importantly, PK analysis showed that in patients receiving weekly methotrexate doses of 17.5 mg or higher (which was applicable for 25.4% of patients receiving vidofludimus), there was an approximately 20% decrease in serum trough levels of vidofludimus. This apparent PK interaction may have led to a reduced exposure to vidofludimus for these patients.
Adverse Events (AEs)
Of the 241 patients in the safety set, 57.7% experienced one or more TEAEs during the study ( Table 2) . A similar percentage in the vidofludimus (56.6%) and placebo (58.8%) arms experienced at least one TEAE, with 14.8% (vidofludimus arm) and 24.4% (placebo arm) experiencing an AE that was considered related to vidofludimus or placebo. Overall, eight patients (3.3%) experienced a TEAE that led to discontinuation of vidofludimus or placebothree (2.5%) in the vidofludimus arm and five (4.2%) in the placebo group. None of the discontinuations in the vidofludimus arm were thought to be due to study drug.
Common Treatment-Emergent AEs
Hematology, clinical chemistry, urinalysis, vital signs, and ECG values all remained stable over time, and no consistent differences or trends between the treatment groups were noted. Tolerability was judged as high and was similar in both arms, with 79.5% of patients in the vidofludimus arm and 78.2% in the placebo arm responding either 'good' or 'very good' in the patient's global assessment of tolerability.
Among the TEAEs, most were of mild or moderate severity. In the vidofludimus arm, 45.9% of patients experienced a mild AE and 22.1% experienced a moderate AE. In the placebo arm, mild or moderate AEs occurred in 48.7% and 24.4% of patients, respectively. The most frequently affected Table 4 ). The most frequent TEAEs that occurred at least twice as frequently in the vidofludimus arm than in the placebo arm included upper abdominal pain, increased ALP, and hypertension (each experienced by 3.3% of patients in the vidofludimus arm vs. 0.8% of patients in the placebo arm); pyrexia and cystitis (each 2.5% vs. 0.8%); and dyspepsia and oropharyngeal pain (each 2.5% vs. 0.0%). The most frequent TEAEs experienced at least twice as frequently in the placebo arm than in the vidofludimus arm included vomiting, respiratory tract infection, sinusitis, and musculoskeletal stiffness (each experienced by 2.5% of patients in the placebo arm vs. 0.0% of patients in the vidofludimus arm); and upper respiratory tract infection (7.6% vs. 1.6%). Overall, 4.1% of patients (five in each arm) reported a TEAE considered severe. Severe TEAEs in the vidofludimus arm included RA, pneumonia, viral infection, arthralgia, renal amyloidosis, and chronic renal failure. Severe TEAEs in the placebo arm included headache, herpes zoster, RA, dysuria, hematuria, and uterine dilation and curettage.
Serious AEs
There were two patients (one patient each in the vidofludimus and placebo arms) with at least one SAE reported during the study. One patient in the vidofludimus arm experienced three SAEs (pneumonia, secondary renal amyloidosis, and chronic renal failure) and was withdrawn from all study drugs. This patient was hospitalized and recovered from the pneumonia. At the time of the follow-up visit, the patient had not recovered from renal amyloidosis, deemed to be caused by a concomitant disease, and chronic renal failure. One patient in the placebo arm experienced two SAEs (hemiparesis and hypertensive crisis), requiring withdrawal of placebo, but no change in methotrexate dose or folic acid. This patient was hospitalized and recovered from the hypertensive crisis. The hemiparesis resolved with sequelae. None of the five SAEs were considered to be related to any study medication. No deaths were reported during the study.
AEs of Special Interest
Infections and Infestations
An increase in the susceptibility to infections is a general concern for therapies involving immunomodulators [48, 49] . While the most commonly affected SOC in the COMPO-NENT trial was infections and infestations (see Table 3 ), no increase of TEAEs in this SOC were observed (22.1% of patients in the vidofludimus arm vs. 30.3% in the placebo arm). Viral infections were uncommon and occurred at similar rates in both arms (see Table 4 ). 
Hepatobiliary Events
Based on safety data from the DHODH inhibitors leflunomide and teriflunomide, AEs in the hepatobiliary disorders SOC were identified as AEs of special interest. However, such AEs were rare and overall did not occur more frequently in the vidofludimus arm compared with the placebo arm. The overall rate of hepatobiliary events was 4.9% in the vidofludimus arm and 5.9% in the placebo arm (Table 5 ).
Hematuria
Based on early studies with high doses of vidofludimus, AEs of the renal and urinary disorders SOC, in particular hematuria, were of special interest. AEs in this SOC were uncommon and occurred with approximately the same frequency in both arms of the study (Table 6 ). Based on the known high rate of false-positive results in urine dipstick measurements [50] , the determination of hematuria was based on findings from microscopic examination of urinary sediment and the likely clinical significance of those results. RBCs in the urine may be deemed clinically insignificant for a number of reasons, including improper urine collection, infection not considered secondary to drug-induced damage, menstruation, vigorous exercise, viral illness, trauma, or a recent urologic procedure [51] . Findings of RBCs in the urine were only considered as an AE of hematuria when assessed as clinically significant and when either five or more RBCs per high power field are present in at least two consecutive specimens [52] or the finding has diagnostic or therapeutic consequences. Table 7 shows the frequency of all positive urine dipstick results and all positive urine sediment analysis results for erythrocytes. The frequency of positive dipstick reads, as well as positive urine sediment analysis, did not differ between treatment arms and only one AE of hematuria per arm occurred during the study.
Diarrhea, Alopecia, and Neutropenia
Along with hepatotoxicity, diarrhea, alopecia, and neutropenia are common and clinically relevant adverse effects of leflunomide and teriflunomide. In the COMPONENT study, there was no increased rate of diarrhea in the vidofludimus group compared with placebo, and alopecia and neutropenia were rare and did not occur at a significantly higher rate in the vidofludimus arm compared with placebo (Table 8 ).
Discussion
DHODH inhibitors are an important class of oral immunomodulatory drugs. Both leflunomide, as Arava for the treatment of RA, and its active metabolite teriflunomide, as Aubagio for MS, have been approved by the FDA. Leflunomide has shown some activity for a variety of other immune diseases, including juvenile idiopathic arthritis [53, 54] , systemic lupus erythematosus (SLE) [16, 19] , lupus nephritis [55] , Sjogren's syndrome [56] , ankylosing spondylitis [57] , dermatomyositis [58] , and Wegener's granulomatosis [59, 60] . Nonetheless, both leflunomide and teriflunomide have been the subject of significant safety concerns, including black box warnings by the FDA that limit their attractiveness as therapeutic agents for new clinical trials. Vidofludimus is a novel and chemically distinct DHODH inhibitor that has undergone clinical trials for the treatment of RA and IBD. In the COMPONENT trial in patients with active RA, while the treatment group showed numerical superiority over control for a number of efficacy parameters, the primary efficacy endpoint of the trial was not met.
However, important safety and tolerability information can be gleaned from that study. During this study, the safety profile of vidofludimus was similar to that of the placebo group. In the set of patients (N = 241) receiving any study drug, most TEAEs were of mild or moderate severity. Five patients in each arm reported a severe TEAE, none of which were attributed to any study drug. Most TEAEs occurred with similar frequencies in both arms of the study and no pattern was noted with regard to TEAE frequency and methotrexate dose group. Some adverse effects occurred more often in the treatment group compared with controls, however their occurrences were low, and no clear conclusions can be drawn. Most of these TEAEs were assessed by investigators as unlikely to be related to any study drug, with only a single case of cystitis determined to be probably related to vidofludimus. Infections and infestation did not occur at a higher rate following vidofludimus compared with placebo treatment. Notably, some of the more common and serious adverse effects of leflunomide and teriflunomide, such as neutropenia, alopecia, and diarrhea [24, 27, 61] , occurred at a low rate in the COMPONENT trial and their rate was similar in both arms, with no increased rate in the vidofludimus treatment arm. The patient's global assessment of tolerability showed that most patients in both treatment arms overwhelmingly considered the treatment tolerability as good or very good, and only 3% of patients discontinued treatment with vidofludimus due to an AE.
Interaction with Methotrexate
An effect of methotrexate dose on plasma levels of vidofludimus was noted during the study. This may have led to those in the higher methotrexate group of the vidofludimus arm receiving subtherapeutic exposure to the drug. Cytochrome P450 enzymes are not involved in metabolism of methotrexate [62] , however methotrexate is known to be a substrate for the breast cancer resistance protein (BCRP) [63] . BCRP, an ATP-binding cassette efflux transporter, mediates renal and hepatobiliary elimination of drugs and xenobiotics [64] and is recognized as one of the key transport proteins mediating many drug-drug interactions.
Vesicular transport inhibition assays showed that human BCRP activity was potently inhibited by vidofludimus, with a half maximal inhibitory concentration (IC 50 ) of 0.02 μM. 2 Interestingly, while both leflunomide and teriflunomide are high affinity substrates for BCRP [65] , vidofludimus was found not to be a substrate of BCRP in initial preclinical studies. 3 While coadministration of methotrexate with BCRP inhibitors can result in methotrexate toxicity [62] , in this study, combination therapy of methotrexate with vidofludimus did not lead to a different AE profile compared with placebo. However, methotrexate doses of 17.5 mg/week or higher slightly lowered trough levels of vidofludimus, and it is possible that BCRP transport competition may have contributed to this PK interaction. Although this result demonstrated statistical significance, the study design of the COMPONENT trial did not fulfill the criteria for interaction studies, and the negative association between methotrexate dose and vidofludimus plasma levels should be interpreted with caution.
Drug-Induced Liver Injury
Based on FDA-mandated warnings regarding leflunomide and teriflunomide, hepatobiliary events were considered AEs of clinical interest. The FDA's boxed warnings on Arava (leflunomide) and Aubagio (teriflunomide) highlight the risk of severe liver injury, including fatal liver failure. This was based on a review of almost 7 years of AE reporting data on Arava use and the structural relatedness of the two compounds.
However, in the COMPONENT trial, hepatobiliary AEs were rare and, overall, did not occur more frequently in the vidofludimus arm compared with the placebo arm. Furthermore, evaluation of liver enzymes throughout the trial demonstrated no adverse effects on liver function attributed to treatment with vidofludimus.
Although there was no clinical indication of hepatotoxicity of vidofludimus in this trial, it is worth noting that in a phase IIa study of 116 RA patients evaluating the efficacy and safety of vidofludimus (20 or 35 mg) monotherapy or placebo (EudraCT Number: 2006-003142-42), one patient treated with vidofludimus 35 mg, who had documented increases in ALT, AST, GGT, and blood bilirubin, developed hepatitis 4 weeks after the end of treatment. This SAE was judged to be related to study drug. The patient had a history of Gilbert's syndrome, a genetic liver disorder characterized by 70-80% reduced UGT1A1 activity. UGT1A1 is an enzyme of the glucuronidation pathway that transforms small lipophilic molecules, such as corticosteroids, bilirubin, hormones, and drugs, into water-soluble, excretable metabolites. Inhibition of UGT1A1 can cause mild hyperbilirubinemia, which normally has no serious consequences. In in vitro assays, vidofludimus has been shown to weakly inhibit UGT1A1, 4 which is not clinically relevant under normal conditions. However, the weak UGT1A1 activity in patients with Gilbert's syndrome may be exacerbated, leading to high levels of unconjugated bilirubin, elevated liver enzymes, and hepatitis.
Thus, careful analysis of hepatic events and laboratory data from this and previous clinical trials with vidofludimus do not indicate an elevated hepatotoxic potential of vidofludimus. As vidofludimus is structurally unrelated to leflunomide/teriflunomide, the liver toxicity may be an offtarget effect of leflunomide rather than being due to DHODH inhibition itself. However, patients with Gilbert's syndrome seem to be at higher risk for hepatobiliary events and the use of vidofludimus should be avoided until more data are available.
Hematuria
Vidofludimus interacts with DHODH by fitting sterically in the binding site of its native substrate, orotate. The human urate transporter 1 (URAT-1) has been shown to mediate uptake of orotate in the kidney [66] . Thus, it is not surprising that vidofludimus has been demonstrated to sterically inhibit the URAT-1 transport system. 5 A member of the organic anion transporter family, URAT-1 mediates the reabsorption of uric acid from primary urine, maintaining urate homeostasis. Inhibition of URAT-1 leads to reduced serum urate levels and increased uric acid concentration in the urine. The DHODH inhibitors teriflunomide [67] and leflunomide [68] are also known to increase renal uric acid clearance and reduce serum uric acids levels, suggesting that both also act as uricosuric agents and block renal tubular reabsorption of urate.
Findings in the two phase I trials with vidofludimus have indicated that daily doses ≥ 70 mg may cause an increased rate of hematuria. A possible mechanism may be through this inhibition of URAT-1. High uric acid concentrations in the urine, when combined with low urine pH, may allow microcrystals to form. Such microcrystals may cause microscopic damage to the blood vessels within the urinary tract and may eventually lead to hematuria. All subsequent phase II trials of vidofludimus use doses well below 70 mg. Results in these trials, including the COMPONENT trial reported here, demonstrate that the frequency of RBC/hemoglobinpositive urinary results in the vidofludimus 35 mg and placebo groups were similar and no increased hematuria has been observed. Nonetheless, RBCs in urine should be carefully monitored and caution should be exercised using vidofludimus in patients with known conditions or medications leading to hyperuricemia.
Off-target Effects: Diarrhea, Alopecia, and Neutropenia
While the FDA-approved DHODH inhibitors and the investigational drug vidofludimus have a number of similarities, namely their mechanism of action, they have vastly different safety profiles. A number of characteristic adverse effects have been observed for leflunomide and teriflunomide that have not been observed with the structurally unrelated vidofludimus. In addition to liver toxicity and elevated liver enzymes, which require careful monitoring throughout the duration of therapy, some of the most common adverse reactions to the current FDA-approved DHODH inhibitors include diarrhea, alopecia, and neutropenia, which have led to high rates of treatment discontinuation [69] .
In clinical studies of teriflunomide, alopecia was the most common cause of discontinuation because of AEs [33, 70] , and real-world adherence studies of MS patients demonstrate that teriflunomide patients had a more than twofold increased risk for discontinuation compared with fingolimod patients [71] . These adverse effects may complicate their long-term use in other immune-related conditions. For instance, while leflunomide has shown efficacy in CD, its adverse effect of diarrhea is not acceptable in an IBD patient population [22] . In the COMPONENT study, neither diarrhea nor alopecia were observed at a higher rate as a consequence of therapy with vidofludimus compared with placebo.
The therapeutic use of many immunosuppressive agents is often limited by myelosuppression resulting from the nonspecific antiproliferative effects on the immune cell population [72] [73] [74] [75] . One of the key advantages of DHODH inhibitors is thought to be their specificity for activated, rapidly proliferating lymphocytes. Despite that fact, clinical trials and postmarket surveillance have identified neutropenia, a reduction in neutrophil count that can cause risk of serious infection, as a potential adverse effect for both leflunomide and teriflunomide. On the other hand, in preclinical studies, vidofludimus has been shown not to induce neutropenia or generalized leukopenia [76] , and no instance of an increased rate of neutropenia has been observed in clinical studies using either vidofludimus or vidofludimus calcium.
This seemingly paradoxical occurrence of neutropenia, as well as the adverse reactions of diarrhea and alopecia, may be due to the many known off-target effects of leflunomide/ teriflunomide [77] [78] [79] [80] [81] [82] [83] . Both leflunomide and teriflunomide have been shown to have a number of effects outside of their inhibition of DHODH. At clinically relevant concentrations, leflunomide has been shown to inhibit the tyrosine kinase activity of epidermal growth factor receptors (EGFRs), IL-2 receptors, and the Src-related tyrosine kinases p56 lck and p59 fyn . It has also been shown to act as an agonist for the aryl hydrocarbon receptor, which affects a number of processes involved in cell growth and differentiation. Teriflunomide was screened against 600 known kinases. This screen identified 55 kinases that were inhibited > 50% [84] , some at clinically relevant concentrations. These off-target effects on kinases are likely the source of many of the unwanted in vivo effects of leflunomide and teriflunomide. On the other hand, vidofludimus is highly selective for DHODH, with no relevant inhibitory effects when tested against a panel of more than 100 protein kinases at concentrations up to 100 μM [36] , approximately seven times the mean trough levels seen in the COMPONENT trial at week 8 (13.9 μM). The favorable safety profile of vidofludimus demonstrates that these undesirable adverse reactions are not a class effect of DHODH inhibitors, and is likely due, at least in part, to its lack of off-target effects and high selectivity of vidofludimus.
Anti-Viral Activity
As with all long-term use of immunomodulators, an increase in susceptibility to bacterial, viral, and fungal infections is a general concern [85, 86]. These agents can also trigger reactivation of otherwise harmless latent viruses such as the JC virus, which can cause progressive multifocal leukoencephalopathy (PML). PML is a rare but often fatal condition that is strongly linked to immunosuppressive therapy for conditions such as HIV infection, lymphomas and leukemias, and organ transplant [87, 88] . More recently, it has been seen in patients undergoing treatment for autoimmune diseases such as RA, CD, SLE, psoriasis, and MS [88] [89] [90] [91] [92] . However, despite the immunomodulatory effects of vidofludimus, the incidence of infections and infestation, and notably virus reactivations, was similar to placebo. This is consistent with in vitro studies showing that vidofludimus exerted antiviral effects. Vidofludimus effectively inhibited the replication of HIV and human cytomegalovirus (hCMV) at low micromolar concentrations in human peripheral blood mononuclear cells or fibroblasts infected with the respective virus. The activity against hCMV was in the range of ganciclovir [36] , which is used in clinical practice to treat hCMV infections. Evidence from preclinical and clinical studies indicates that leflunomide and/or teriflunomide exert a similar antiviral effect, impacting the replication of a broad range of viruses, including herpes simplex virus-1 [93] , hCMV [94] [95] [96] [97] , respiratory syncytial virus [98, 99] , and BK virus [100] [101] [102] .
Thus, it appears that the combination of selective immunosuppressive activity and antiviral activity may be a hallmark of DHODH inhibition. Since de novo pyrimidine synthesis is required to meet the demands of not only rapidly proliferating lymphocytes but also virus-infected cells, the DHODH inhibition by vidofludimus, teriflunomide, and leflunomide may explain the observed antiviral activity of the compounds. This may make inhibitors of DHODH a preferred immunomodulatory agent for the treatment of autoimmune diseases given the apparent protective effects against virus infection and reactivation.
Conclusion
The novel DHODH inhibitor vidofludimus demonstrated a positive safety profile in the COMPONENT trial for patients with RA. Many of the adverse effects that mar the safety profiles of the FDA-approved DHODH inhibitors leflunomide and teriflunomide, including alopecia, diarrhea, neutropenia, and hepatobiliary disorders, were observed at a similar rate following vidofludimus treatment compared with placebo. This is believed to be due to the high selectivity of vidofludimus for DHODH and a distinct absence of off-target effects. These data, along with its selective immunomodulatory activity and its demonstrated antiviral effects make vidofludimus a promising therapeutic candidate for clinical testing in a wide variety of immune-related diseases.
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